Capture-recapture, an indirect method widely used to estimate undetected populations, has been criticized because it causes problems due to a lack of compliance with several important assumptions and model selection strategies. This paper expands on the problems encountered when applying this methodology to drug abuse estimations, specifically the prevalence of opiate use in the metropolitan area of Barcelona, Spain, in 1993. Three samples of opiate users (from hospital emergency rooms, treatment centers, and prisons) were available in the area studied; an additional sample (mortality data) was analyzed for the city of Barcelona. Log-linear models that provided a good fit were considered, to which further model selection strategies were applied. A total of 3,207 unique individuals aged 15-44 years were identified in the three samples from the greater Barcelona area; the mortality sample from the city of Barcelona contained an additional 83 individuals. Heterogeneity was observed in different age, sex, and residence area subgroups. Population estimates differed widely according to the log-linear model chosen. Minimum Akaike's information criterion model and saturated model estimates were used to produce population prevalence rates. The main problems the authors encountered in this study were related to population definition, source heterogeneity, and assessment of an adequate model, a problem associated with sample size. Am J Epidemiol 1998;148:732-40. heroin dependence; logistic models; prevalence; sample size; substance abuse
overlap between different samples and has been described in many other papers (6) (7) (8) (9) (10) (11) . Requirements and assumptions for using this method were highlighted in a series of papers published in 1995 (6, 7, 12) . The problems encountered when applying capture-recapture techniques to estimate the prevalence of human diseases may be more or less specific to the particular study in question.
The problems associated with the legal implications of drug addiction epidemiology give rise to specific considerations concerning the application of the capture-recapture method to this field. The first consideration is case definition, as most sources tend to provide cases whose conditions are more severe than those of the average drug user. Hence, the estimate obtained will not account for more recent and less severe cases, which may consist of younger addicts with a shorter period of drug use. Second is the requirement for a closed population; it is important to consider that drug addiction is a chronic illness that some "sufferers" may temporarily abandon and later resume, and that some may also die. The risk of death may in turn be a function of the number of years of drug use (13) . Thus, to minimize this problem, the study reference period should be short. Third, the assumption of homogeneity is an important concern. Although in previous studies of drug users in Glasgow, Scotland (14, 15) , and in Barcelona (16) heterogeneity did not seem to seriously affect the results in the age and sex subgroups, it may become a problem when wider areas are studied, as behaviors may be related to available resources and hence affect capture probabilities. A fourth consideration, independence between samples, may be intrinsic to the "captures" in the strict sense or may reflect a lack of meeting the requirements for homogeneity and a closed population. However, a problem common to any application of log-linear regression to capturerecapture and to any other statistical procedure involving model specification is related to the modeling selection strategy (17) , as the real structure of the data usually is not known.
The aim of this paper is to use Barcelona studies to contribute to the discussion on analysis of capturerecapture data, especially concerning selection of the most appropriate model, case definition, and assumptions about a closed population, homogeneity, and independence between samples. Original data on the prevalence of opiate use during 1993 are presented for the metropolitan area of Barcelona. This area, including Barcelona's suburbs, has a population of 2 million inhabitants, and 1,150,000 of them are aged 15-44 years (18) . This paper also estimates the prevalence of opiate use in the city of Barcelona only, using the same estimation samples as those derived from a 1989 study of estimated use (16) , so that opiate use between 1989 and 1993 can be compared.
MATERIALS AND METHODS
For the area studied, three samples of opiate users were obtained from hospital emergency rooms, treatment centers, and prisons. Mortality data were also gathered. However, these data referred to the city of Barcelona only. For the rest of the metropolitan area of Barcelona, only the first three samples were available. Although all samples were obtained for the year of reference (1993), certain samples did not cover the same time period, which allowed imprisoned persons to be detected in other samples. Only individuals aged 15-44 years were included.
The treatment sample was made up of persons who started or restarted treatment for opiate use during the first semester (the first 6 months) of 1993. The data were obtained from the register of treatment notifications in Catalonia, Spain. Only individuals residing in the study area were considered. This register is part of the State Information System on Drug Abuse and, although anonymous, does contain a confidential identification code for each person that includes two initials from each surname (Spaniards have two surnames), date of birth, sex, and province of birth (19) .
The emergency room sample was comprised of all nonfatal emergency room episodes among opiate users that were detected at seven main hospitals in the area (five from the city of Barcelona and two from the rest of the metropolitan area of Barcelona). Four of these Barcelona hospitals are also part of the State Information System on Drug Abuse network. Again, only those cases who visited emergency rooms during the first semester of 1993 and resided in the study area were considered. Information relating to the same period and meeting the same criteria was gathered from the other three hospitals specifically for this study.
Data from a prison sample were also collected for this study. Inmate registries for two male and one female pretrial prisons in the city of Barcelona were reviewed to select individuals registered as drug users. Medical records of selected inmates were checked for evidence of opiate use during the 30 days prior to their arrival at the prison. This sample covered the second semester of 1993.
Information on mortality from an acute reaction to an opiate in the city of Barcelona also forms part of the data collected for the State Information System on Drug Abuse network. Our study considered all deaths deemed after autopsy to be due to an acute reaction to an opiate and confirmed by the pathologist's report on the basis of organic samples (blood and/or tissue). However, we included only those deaths among cases known to reside in the city of Barcelona, as information on deaths occurring in other cities could not be obtained. The entire year of 1993 was considered for the mortality sample.
According to the protocol definition, all individuals who were regular opiate users during the previous 30 days constituted our target population, but samples obtained mostly referred to individuals who used opiates on a daily basis and had related problems. Such problems usually occur following a period of regular use; hence, we considered these individuals to be addicts.
For all samples, an identification code for each individual was needed to enable cross-matching. Both surname initials were used, as well as birth date and sex. For some samples, additional personal information was available, but the person's identity remained unknown at all times. Databases assembled for each sample were composed of episodes and not of unique individuals. Unique individuals within and between samples were identified in a single step using a probabilistic approach. This process had already been used and validated in previous capture-recapture applications (16, 20) involving data with similar characteristics. In our application of the method, probabilistic linkage weights were used to reject extremely unlikely linkages. The rest of the linkages were reviewed visually to determine which linkages were acceptable; thus, grouping of records referring to the same individual was not automatic.
Initial estimates were obtained by comparing single cross-matches between two of the three complete samples. Naturally, this comparison produced three such paired sample estimates (emergency room and treatment, emergency room and prison, and treatment and prison), to which standard formulae were applied (21) .
Comparison of different total population estimates based on the combinations of sample pairs showed the direction (negative or positive) of the interrelationships between the samples. A negative relation between two samples meant that detection of a subject in one sample implied a reduced chance of that subject being detected in the second sample, and a positive relation between the samples signaled a greater chance of being detected in the second sample. Furthermore, a negative relation between samples would upwardly bias the estimate, whereas a positive relation would produce an underestimate of the total or undetected population.
Log-linear regression models were applied to each of the three sample groups and subgroups (age, sex, and area of residence) to provide estimates of the undetected population and tests for dependence between samples (21, 22) . GLIM (Numerical Analysis Group (NAG), Oxford, United Kingdom) was the statistical package used (23) . Models that fit the data well according to the deviance and the residuals (less than 1.2) were chosen, and the model adequacy statistics of the Akaike's information criterion (AIC) and the Bayesian information criterion (BIC) were applied to all of the models (24) . To enable estimation of the 95 percent confidence interval of the undetected population, a GLIM macro was written that applied an iterative algorithm to the selected model to produce a likelihood-based confidence interval (25, 26) .
Our first choice when selecting one model for each subgroup was the minimum AIC. However, following the suggestions given in a paper by Hook and Regal (17) , we compared estimates produced by the minimum AIC, the minimum BIC, the saturated model, and the weighted AIC and BIC. The weighted AIC and BIC were calculated by using the following formula:
where ICi is the information criterion considered and Ni is the population estimate associated with each i model. The weighted BIC, and by extension the weighted AIC, give equal prior probability to all models included in a weighted estimate (17) . As it could not be assumed that those models that did not fit the data had a prior probability equal to the probability for those models that did fit the data, only those models with a good fit to the data contributed to the weighted estimates. The limits for the 95 percent weighted confidence intervals were calculated by applying the same formula separately to the lower and the upper estimates of the models that were included. To enable comparison of the 1993 results with those obtained in 1989 for only the city of Barcelona (16), the same sources used in 1989 (emergency room, treatment, and mortality) were applied to the 1993 study data, with the restriction that the cases were residents of the city of Barcelona. While a more accurate estimate of the undetected population could have been obtained for the city by including the prison sample as well, the objective was to compare the 1989 study with the 1993 study. Therefore, the same modeling strategy was used.
Population prevalence rates in the study area were calculated by using 1991 census information for residents aged 15-44 years (18) . This census was the most recent and complete one undertaken to date.
RESULTS
The total numbers of individuals included in the samples were as follows: emergency room, 1,515; treatment, 1,461; and prison, 684. In table 1, the distribution of unique individuals (n = 3,207) according to the sample overlaps is given by the subgroups of sex, age, and area of residence for only three complete samples. The mortality sample for the city of Barcelona included 119 persons, 83 of whom were not in any other sample.
Estimations of the undetected population based only on pairs of samples produced different results (table  2) . The pair that included the treatment and prison samples provided estimates that were substantially higher than the estimates derived from the other sample pairs, namely, the emergency room and treatment samples and the emergency room and prison samples. The observed differences in these estimates could be due to a negative relation between the treatment and prison samples or could also indicate a positive relation between the emergency room and prison samples and between the emergency room and treatment samples. Furthermore, in all subgroups, the estimates derived from the emergency room and prison pair were consistently lower than those from the emergency room and treatment pair, with the exception of the estimates for the rest of the metropolitan area of Barcelona. These differences in estimates were notably high for women and for younger users (age 15-29 years), which may indicate a nonhomogeneous posi- * Yes, individuals were present in the sample; no, individuals were not present in the sample, t ER, emergency room sample; T, treatment sample; P, prison sample. X Age of one man and one woman was unknown but was assumed to be within the interval studied (age 15-44 years).
§ RMAB, rest of the metropolitan area of Barcelona.
tive relation between the emergency room and prison samples. Population estimates were obtained for all subgroups and for the overall population by considering the three different samples (emergency room, treatment, and prison) simultaneously in log-linear models. All models with adequate fit to the data are listed in table 3, with their corresponding unknown population * All numbers were calculated by using the following formula: n= (a+ b)(a + c)/a, where a is the overlap cell and b and c are unique individuals in each sample (21) .
t ER, emergency room sample; T, treatment sample; P, prison sample.
i Numbers represent the result of a comparison of the two samples listed in each column.
estimates and AIC and BIC model adequacy statistics. Within certain subgroups, the different possible models produced a wide range of undetected population estimates, especially among young men and in the rest of the metropolitan area of Barcelona. The AIC and BIC statistics pointed to the same model for all subgroups, except for the all women subgroup. Only total population estimates and 95 percent confidence intervals for those models with a minimum AIC and/or BIC are shown.
Estimates produced by the saturated model for different subgroups, and their 95 percent confidence intervals, are given in table 4. For the all women subgroup, the saturated model produced a negative estimate and was not considered. All other estimates were higher than those using the model selected by the AIC, except those for "all young." The 95 percent confidence intervals were very wide for all subgroups and, except for the total, exceeded the actual estimated figures. Weighted AIC and BIC estimates yielded figures between the selected estimate and those produced by the saturated model, except those for "all women"; the 95 percent confidence intervals were narrower than those produced by the saturated model but wider than those using the minimum AIC model.
Population rates are shown in table 5, along with minimum AIC and saturated model population estimates. Rates for more comprehensive groups were similar, but for some subgroups differences were important. This was particularly the case for "older men," for whom the estimated number of opiate users changed from 14 to 22 per 1,000 population. This table does not provide 95 percent confidence intervals for For purposes of comparison with the 1989 study (16), we calculated an additional prevalence estimate for the 1993 data for the city of Barcelona subgroup by using the same data sources that were used in 1989. However, models with good fit were unobtainable for certain subgroups (all men, young men, and all young) of cases detected in 1993. The estimate for the city total was lower {n = 6,185, 95 percent confidence interval (Cl) 5,562-6,933) than that shown in table 3, in which the prison sample was used instead of the mortality sample. The model selected according to the minimum AIC did not include any interaction, although it did not show a very good fit (deviance, 5.0; residuals <2). Models that included interactions did not fit the data either; an exception was the saturated model, which yielded an estimate of 16,162 opiate users in the city of Barcelona (95 percent Cl 6,544-44,510), larger than the saturated model total for the metropolitan area.
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DISCUSSION
Application of capture-recapture to this set of data highlights the problems encountered in using this method. A fundamental problem is definition of the study population. Although the primary aim of this study was to assess the 1993 prevalence of regular opiate use by collecting data on individuals who were regular users during the previous 30 days, available sources of information mainly identified subjects who had problems related to drug use. Thus, more severe or long-term users tended to be detected. This problem naturally leads to an underestimation of the total population (1, 16) , because the sources define a subset of the total population of opiate drug users, that is, opiate addicts. A related concern is the adequacy of the information sources in terms of the requirement for a closed population. Problems in using mortality data to identify subjects are clear when the two estimates obtained for the city of Barcelona are considered, one of which used mortality as a source of capture. In the 1989 prevalence estimate, for which a mortality sample was used, its adequacy was assessed by comparison with another model for which mortality was defined as death occurring in the following year (16) . However, researchers should be careful when using mortality data for capture-recapture analyses, because death represents the fact that the individual has effectively left the population; hence, the closed population requirement has been violated.
When results obtained with the three samples (emer- gency room, treatment, and prison) used in 1993 are compared with the results from the three samples (emergency room, treatment, and mortality) used in 1989, two other issues arise. The first concerns the adequacy of the mortality source in the context of other health services-related sources. It has been recommended that a wide variety of sources be sought in an attempt to cover as many different areas as possible (7, 27) . In this sense, it is more appropriate to use a legal sample, hence the inclusion of the prison source in our present study. This aspect is important to consider when using the capture-recapture method to estimate populations that may escape routine sources of information. The second issue relates to the sample size of the source registries. Using a parsimonious approach, before an interaction can be included in a model, it must be "statistically" important; therefore, a sufficient number of cases are needed to enable detection of important between-sample dependencies. As the selection of interactions can appreciably vary the estimate of the undetected population, it is advisable to have enough subjects to allow clear identification of the interaction terms. According to Draper, the level of structural uncertainty is highest with small samples (28) ; thus, it is more difficult to be confident with models that are based on small samples.
All acquired immunodeficiency syndrome (AIDS) cases diagnosed during 1993 and reported to the Catalan AIDS registry were also considered a possible data source, although it had to be excluded from the analysis. This population-based registry collects information on the clinical and epidemiologic characteristics of all diagnosed cases in the region and therefore identifies most of the intravenous drug users who develop the disease. However, while the transmission category was known to be intravenous drug use, no information was available concerning current use of opiates. Since infection with the human immunodeficiency virus may precede an AIDS diagnosis by up to 12 years, this group of patients may represent only historical opiate use. Once again, the main problem associated with this source was population definition, as we could not ensure that this source represented regular opiate use during the study year. Furthermore, since AIDS cases who no longer used opiates would not have been detected from other sources, including the information from this registry would have introduced a negative dependence with those sources.
In the present capture-recapture study, we applied probabilistic linkage to identify unique individuals within and between samples. To maintain confidentiality, the databases that we used contained an identification code only, and errors in this code could have altered the number of unique individuals and consequently biased the estimate. To overcome this problem, it is better to use a probabilistic approach than a deterministic one that, by not identifying some unique individuals, could generate an overestimate.
The two important potential problems in capturerecapture studies, namely, sample dependence and heterogeneity within captures, are intertwined. However, when more than two samples were considered, we tried to determine and resolve these problems by using log-linear regression to model interactions between samples. Doing so is easier when trying to control only for dependence, whereas heterogeneity is probably more difficult to deal with. In this study, we tried to increase the homogeneity of the groups by subdividing our samples by age, sex, and area of residence. However, a complete breakdown of all subgroups created small numbers that led to difficulties in finding an adequate model for the data.
Selecting which strategy to use to determine a final estimate was probably one of the biggest issues in this study. In capture-recapture estimation, it has been recommended that a model be chosen according to some statistical criteria, and those used most frequently were the AIC and the BIC (6, 7). Hook and Regal (17) , using already published sets of data and after internal analysis, expressed concern about the appropriateness of such criteria, as they were selecting models yielding an underestimate in most cases. Because we did not have the real population estimate, we could not determine which model performed best. However, when looking at all the estimates, we cannot say that the saturated model estimate always produces a higher figure, although associated 95 percent confidence intervals are always the widest when using this model and thus more likely to include the real number of cases. Of course, use of the saturated model is conservative, but for some applications of the results of a capture-recapture study, a very wide 95 percent confidence interval may not be informative enough to enable those responsible to take action. A narrower interval may be better, knowing that it is probably an underestimate.
Although in some subgroups the final population rate is very different if the saturated model estimate is used instead of the minimum AIC estimate, in our study we would have preferred to have selected minimum AIC models, as they are more precise. In most of the subgroups in our study, values were quite similar. We had problems in using the saturated model to produce a sensible estimate for "older women," even after correction for small sample size (17) .
In simple two-by-two analyses, geographic area of residence appeared to influence the relations between the samples. Thus, when the age and sex subgroups were used for analysis, a certain degree of sample heterogeneity may have remained because of the effect of the area of residence. The minimum AIC model chosen for "young men" was the one that only included an interaction term between the treatment and prison samples (negative dependence), whereas for "older men" the only model that fit the data included the other two interactions (emergency room with treatment and emergency room with prison). Possibly, because a negative interaction between the treatment and prison samples was found in the subgroup from the rest of the metropolitan area of Barcelona, and because sampled young men are overrepresented in this area (61 percent vs. 46 percent in the city of Barcelona), the negative interaction could have influenced the interactions found in the subgroup of young men. As a result, the estimate for all men was higher than the sum for both age subgroups (young men were underestimated). Therefore, when applying capturerecapture in such studies, it is important to consider geographic area as well as other variables that might affect homogeneity within sources. Naturally, for this to be possible, sample sizes should be large enough to enable reliable detection of sample interactions for the subgroups.
When sample heterogeneity is such that opposite directions of between-sample dependencies are observed in different strata, it is better to consider heterogeneous subgroups separately. This approach will probably be more useful for public health applications of estimates. A global figure can always be obtained by adding up partial estimates, even though no single 95 percent confidence interval will be available or even appropriate.
Because of differing strategies for capture samples, and because models did not produce an adequate fit with the data, we could not directly compare the 1993 results for the city of Barcelona with those estimated for 1989 (16) . The model for the city of Barcelona that contained emergency room, treatment, and prison samples produced a figure for 1993 that was far larger than the figure obtained in 1989 (9,176 vs. 6,831 persons, respectively). It is likely that the abovementioned methodological problems accounted for this important difference, and we can affirm that 1989 estimates for the city of Barcelona (9.2 opiate addicts per 1,000 inhabitants) were in fact underestimates, as they missed a subsection of the population-those who were contacted only through the legal system.
One special feature of the capture-recapture application in our study was that while all samples referred to 1993, they represented different capture periods. Using this approach was an attempt not to reduce recapture by the later sample; for instance, if a person was in prison, his or her probability of simultaneously entering a treatment program or going to an emergency room would necessarily have differed from that of persons not imprisoned. Although to our knowledge such an approach has not been reported previously in human populations, it is similar to the sequential type of capturing used to study the size of the wildlife population (6) .
While the capture-recapture method has been applied to a variety of different fields related to human conduct and human disease, and its use has been criticized, it can be especially important when only a relatively small proportion of the underlying population is detected or detectable. Without its use, prevalence cannot be estimated. Of course, the proportion sampled from the entire population affects the power and feasibility of the study. Furthermore, it is clear that to cope with the problems of capture-recapture as applied to human populations, further research has to be directed toward the problems of heterogeneity of capture probabilities and sample dependence so that the degree of associated error can at least be estimated.
